Tawfeek HA, Abou-Samra AB. Disruption of parathyroid hormone and parathyroid hormone-related peptide receptor phosphorylation prolongs ERK1/2 MAPK activation and enhances c-fos expression.
that are important for gene expression, cell cycle and cell proliferation differentiation, and apoptosis. Similar to other GPCRs that couple to G s and/or G q (20, 40, 54) , several studies performed on PTH target cells, osteoblastic and kidney cells, suggested that PTH activation of ERK1/2 MAPK involves PKA and PKC and receptor and nonreceptor tyrosine kinases (3, 6, 10, 14 -16, 23, 27, 32, 44, 45, 52) .
Receptor phosphorylation modulates ERK1/2 activation by some GPCR (8, 22) . PPR undergoes agonist-dependent phosphorylation (36) . When the potential phosphorylation sites in the carboxyl terminal tail of the PPR (7 serine sites) were mutated to alanine residues, the mutant PPR was no longer phosphorylated after PTH stimulation (50) . The phosphorylation-deficient (PD) mutant PPR, stably expressed in LLCP-K 1 cells, was impaired in PTH-dependent internalization and had an exaggerated response to PTH stimulation of cAMP and IP 3 accumulation (50) .
In the current study, LLCP-K 1 renal tubular cells stably expressing a wild-type (WT) or a PD PPR were used to elucidate the role of receptor phosphorylation in PTH regulation of ERK1/2 MAPK. Our results suggest that, although early PTH stimulation of ERK1/2 MAPK occurs via mechanisms that do not seem to require receptor phosphorylation, subsequent PTH-induced inhibition of ERK1/2 MAPK response and regulation of c-fos expression involve receptor phosphorylation and ␤-arrestin2.
MATERIALS AND METHODS
Reagents and supplies. Bovine [Nle 8, 18 ,Tyr 34 ]PTH(1-34)NH2 (PTH) was synthesized by a solid-phase method (Endocrine Unit, Massachusetts General Hospital, Boston, MA), purified by HPLC, and characterized by amino acid hydrolysis, NH 2-terminal sequencing, and mass spectrography. Tissue culture media were purchased from Cellgro (Manassas, VA). FBS was from Sigma (St. Louis, MO), and streptomycin-penicillin was from GIBCO-BRL (Gaithersburg, MD). Tissue culture flasks, plates, and other supplies were from Corning (Oneonta, NY) and Fisher Scientific (Pittsburgh, PA). U-0126 was from Biomol Research Laboratories (Plymouth Meeting, PA). LipofectamineLTX was from Invitrogen (Carlsbad, CA). Peroxidase-labeled goat anti-rabbit and goat anti-mouse antisera were from Sigma. Immobilin PVDF membranes were from Millipore (Bedford, MA). [ 3 H]myoinositol and the chemilumenescence kit were from PerkinElmer (Boston, MA). Anti-␤-arrestin 1 and 2 and anti-c-fos antibodies were from EMD-Bioscience (San Diego, CA). Anti-phosphospecific (active) and anti-total (active and inactive) ERK1/2 antibodies were purchased from Cell Signaling Technology (Beverly, MA).
Cell culture. LLCP-K 1 porcine renal tubular cells were cultured in Dulbecco's modification of Eagle's medium (DMEM) supplemented with 10% FBS. All media contained 1 g/ml streptomycin and 100 U/ml penicillin. The cells were incubated in a humidified atmosphere containing 95% air and 5% CO 2 at 37°C. Media were replaced every other day.
Development of stable cell lines expressing ␤-arrestin2-GFP, WT ␤-arrestin2, or ␤-arrestin2 (R169E). Development and characterization of LLCP-K 1 cell lines stably expressing similar numbers of WT or PD PPR that are green fluorescent protein (GFP) tagged or not on the extracellular domain (Exon E2) (WT-PPR and PD-PPR cells, respectively) were described previously (49, 50) . Cells expressing the GFP-tagged and untagged versions of WT or PD PPR were interchangeably used in the study to ensure reproducibility of the findings in independent stable LLCP-K 1 cell lines. For simplification purposes, we refer to either version as WT-PPR or PD-PPR. The findings presented herein were similar and reproducible in all cell lines.
The WT-PPR or PD-PPR cells were transfected with human wild ␤-arrestin2-GFP, human WT-␤-arrestin2, or ␤-arrestin2 (R169E) (22) pcDNA3 plasmid vector, which also encodes a neomycin resistance gene. Transfection was performed as described previously (48) using LipofectamineLTX. Briefly, the plasmid DNA (1 g) was mixed with a 100-l serum-free DMEM and 7 l of LipofectamineLTX and incubated at room temperature (RT) for 30 min. The complex was then added to cells grown in a 12-well plate, prewashed once with 1 ml serum-free DMEM, and left with 800 l serum-free DMEM (final volume is 900 l/well). After 24 h of incubation, the medium was replaced with full growth medium containing 1.5 mg/ml G418 selection antibiotic. The cells that survived the treatment of G418 (G418-resistant cells) were then reseeded at very low density to select individual colonies. Individual colonies were picked, expanded, and then tested for ␤-arrestin2 expression using a fluorescent microscope and/or Western blot analysis. G418 was omitted from the growth medium after one month. Three independent colonies for each cell line with similar expression levels were characterized by Western blot and were expanded for use in the study. Control cells were cells that underwent the whole process of transfection but did not show expression of ␤-arrestin2.
Western blot analysis. Cells seeded in six-well plates were grown as a monolayer until they reached 100% confluency (48 h). Cells were rinsed (2ϫ) with PBS, incubated for 1 h in serum-free DMEM containing 20 mM HEPES buffer and 0.1% BSA at 37°in a CO2 incubator, and then treated as indicated. The medium was removed, and the cells were placed on ice and rinsed (2ϫ) with ice-cold PBS. The cells were lysed on ice using lysis buffer (62.5 mM Tris, pH 6.8, 1% SDS, 1 mM EDTA, pH 8, 1 mM EGTA, pH 7.4, 0.5% aprotinin, and 5 mM phenylmethylsulfonyl fluoride), and the lysates were cleared by centrifugation for 5 min at 4°C. The cell lysates were resolved on 8% SDS-PAGE. The proteins were then transferred from the gel onto an Immobilin membrane, and the membranes were blocked with 5% nonfat dry milk-0.2% Tween 20 in PBS. After incubation with the appropriate primary (1:2,000 in blocking buffer, 3 h at RT, or overnight at 4°C) and peroxidase-labeled secondary antibodies (1:5,000 in blocking buffer, 2 h at RT), the immunoreactive bands were detected with chemiluminescence and visualized using autoradiography.
Confocal microscopy studies. Cells seeded on cover slips in sixwell plates were grown as a monolayer until they reached 60 -80% confluency. Cells were rinsed (2ϫ) with PBS and then challenged with PTH as indicated in serum-free DMEM containing 20 mM HEPES buffer and 0.1% BSA at 37°in a CO2 incubator. The medium was removed, and the cells were rinsed (2ϫ) with cold PBS and fixed with 4% paraformaldehyde (in PBS) for 15 min at RT. Fixed cells were then washed (3ϫ) with PBS, each wash lasting 5 min, and then mounted using Vectashield, and the cover slips were sealed on the slides with nail polish.
The confocal microscopy images were obtained using the Radiance 2000 Laser Scanning system configured with a ϫ40 1,30 oil objective. Green and red images were captured sequentially at 1,024/1,024 resolution with 2 optical zoom, iris 2, Gain 20, and offset 0. X-Y horizontal planes (Z-series) were performed from the basolateral to apical level of the cells with 0.2 m Z-step. The corresponding X-Z section was performed in the middle of the cell after determining the Z-start and Z-stop. The images were processed using LaserSharp 2000 software and assembled and labeled using Adobe Photoshop and Microsoft PowerPoint softwares. The micrographs presented are X-Y sections. To ensure consistency of the results, each experiment was repeated at least three times, and each time the areas were selected blindly and randomly.
Measurement of intracellular IP3 accumulation. Cells were seeded in 12-well plates and incubated for 24 h at 37°C. Accumulated IPs were measured as described previously (48) . Full growth medium was removed, and cells were radiolabeled at 37°C for 12 h with 2 Ci/ml [H 3 ]myoinositol in 1 ml inositol-and serum-free DMEM supplemented with 0.1% BSA and 20 mM HEPES. Cells were then washed two times with PBS and preincubated with 20 mM LiCl for 60 min in serum-free DMEM containing 20 mM HEPES and 0.1% BSA. PTH or vehicle (10 mM acetic acid) was added, and the incubation was continued for the indicated time at 37°C. The incubation was terminated by placing the cells on ice, discarding the incubation medium, rinsing 2ϫ with ice-cold PBS, and adding 0.5 ml of ice-cold 5% trichloroacetic acid (TCA) for 20 min at RT. TCA extract was collected, and the cells were rinsed with 1 ml double-distilled (dd) H 20. TCA extract was made to a final volume of 2 ml by adding 0.5 ml ddH2O (final conc. of TCA is 1.25%). Separation of the IPs in 1 ml of the TCA extract was performed by AG 1X8 anion exchange column chromatography (formate form, 100 -200 mesh; Bio-Rad). Free [H]inositol and glycerophosphate inositol fractions were washed and eluted with 10 ml of 10 mM inositol and 5 ml of 5 mM Borax/60 mM sodium formate, respectively. Inositol monophosphate and inositol biphosphate were eluted with 5 ml of 0.7 M ammonium formate/ 0.1 M formic acid (17, 21) . The IP 3 fraction was collected after elution with 5 ml of 1.05 ammonium formate/0.1 M formic acid.
Radioactivity in the 5-ml IP3 fraction mixed with 10 ml of scintillation liquid was counted using a liquid scintillation counter (model LS 6000IC; Beckman).
Statistical analysis. Each experiment was repeated at least three times. t-Test was used for data analysis, and significance was considered when the P value was Ͻ0.05.
RESULTS

LLCP-K 1 cells stably expressing a PD PPR mutant activate ERK1/2 normally in response to short PTH treatment.
Receptor phosphorylation plays an important role in GPCR activation of MAPK (8, 22) . Using Western blot analysis and antiphosphospecific (active) ERK1/2 MAPK, we show that the PD-PPR cells activate ERK1/2 normally. PTH treatment of the WT-PPR and the PD-PPR cells (10 nM for 0 -40 min at 37°C) similarly increased ERK1/2 activation (Fig. 1, A and B) . The effects of PTH were time-dependent, with activation observed both in the WT-PPR and PD-PPR cells as early as 2 min, and maximal stimulation occurred between 5 and 20 min (Fig. 1, A and B).
LLCP-K 1 cells stably expressing the PD mutant PPR exhibit prolonged activation of the ERK1/2 pathway in response to long PTH treatment. In the WT-PPR cells, longer PTH treatment caused downregulation of ERK1/2 activation (Fig. 1C) . PTH activation of ERK1/2 decreased after 60 min, and an inhibition of ERK1/2 is observed at 90 and 120 min of PTH treatment (Fig. 1C) . In contrast, longer PTH treatment in the PD-PPR cells caused prolonged activation of ERK1/2 up to 90 min; PTH-treated cells had significantly (P Ͻ 0.05) higher ERK1/2 activation than vehicle-treated cells at 60 and 90 min, and no inhibition of ERK1/2 was observed up to 120 min (Fig.  1D) . PTH had no effect on total (active and inactive) ERK1/2 during the time course tested (Fig. 1) .
PTH-induced plasma membrane recruitment of ␤-arrestin2-GFP is attenuated in LLCP-K 1 cells stably expressing the PD mutant PPR.
To examine the role of PPR phosphorylation in ␤-arrestin2 recruitment to the cell membrane, we developed WT-PPR and PD-PPR cell lines that stably express a GFPtagged ␤-arrestin2 (WT-PPR-␤arrestin2-GFP and PD-PPR␤arrestin2-GFP cells, respectively). The WT-PPR-arrestin2-GFP and PD-PPR-arrestin2-GFP stable cell lines were generated as described in MATERIALS AND METHODS. The WT-PPR␤arrestin2-GFP and PD-PPR-␤arrestin2-GFP cells were treated with PTH (100 nM for 2-60 min at 37°C). The cells were then fixed and examined using a confocal microscope. PTH treatment of the WT-PPR-␤arrestin2-GFP cells caused a profound ␤-arrestin2-GFP translocation from the cytoplasm to the cell membrane. Translocation of ␤-arrestin2-GFP in the WT-PPR-␤arrestin2-GFP cells was observed at 2 min (Fig. 2, top) . A fraction of ␤-arrestin2-GFP remained at the cell membrane up to 60 min while in the meantime redistribution of a cytosolic fraction of ␤-arrestin2 was observed after 5 min of PTH treatment (Fig. 2, top) . In contrast, the PD-PPR-␤arrestin2-GFP cells showed only minor recruitment of ␤-arrestin2 to the cell membrane, which did not increase by prolonged PTH treatment (Fig. 2, bottom) .
Stable expression of a phosphorylation-independent ␤-arrestin2 mutant in PD-PPR cells prevents the prolonged PTH activation of ERK1/2. Arrestin binding to phosphorylated
GPCRs involves disruption of the polar core within the arrestin molecule by the highly charged receptor-attached phosphates, converting arrestin to its high-affinity receptor-binding state (18, 19, 53) . Subsequently, mutations destabilizing this polar core (R169E) increase the binding of arrestin to agonist- At the end of the incubation, the cells were placed on ice, washed 2ϫ with ice-cold PBS, and lysed in SDS sample buffer. The cell lysates were analyzed on 8% SDS-PAGE. The samples were transferred to a nitrocellulose membrane and blotted with anti-phospho (active)-ERK1/2 antibody and a peroxidaseconjugated secondary antibody (blot on top). Detection was done with chemiluminescence, and the membranes were exposed to a film for 0.5 min. The blots were stripped and reprobed with anti-total (active and inactive) ERK1/2 antibody (blot on bottom). Representative images are displayed from one experiment. The respective graphs represent Western blot band densities of the 42-kDa phosphor-ERK2 (P-ERK) relative to its own total-ERK2 (T-ERK). activated receptor without needing receptor phosphorylation (17-19, 24, 53) . Therefore, to confirm the role of ␤-arrestin2 in subsequent PTH inhibition of ERK1/2, we generated WT-PPR or PD-PPR cells stably expressing the ␤-arrestin2-(R169E) mutant (WT-PPR-␤arrestin-R169E and PD-PPR-␤arrestin-R169E cells, respectively). Expression of the ␤-arrestin2 mutant was confirmed using Western blot analysis.
We next investigated the effects of PTH treatment (10 nM, 10 -120 min) on ERK1/2 MAPK activation in the WT-PPR␤arrestin-R169E and PD-PPR-␤arrestin-R169E cells. As shown above, activation of ERK1/2 in the PD-PPR control cells was monophasic and sustained in the PD-PPR cells compared with the WT-PPR control cells (Fig. 3, A and C) . Overexpression of the ␤-arrestin2 mutant prevented the sustained ERK1/2 MAPK observed in the PD-PPR cells and restored the PTH-induced inhibition of ERK1/2 MAPKs at 90 and 120 min similar to that observed in the WT-PPR cells (Fig. 3D) . PTH activation of ERK1/2 was similar in the WT-PPR control and WT-PPR␤arrestin-R169E cells (Fig. 3B) .
Expression of similar levels of WT ␤-arrestin2 in the WT-PPR or PD-PPR cells did not alter PTH activation of ERK1/2 from mock-transfected control cells (data not shown).
Stable expression of the phosphorylation-independent ␤-arrestin2 mutant prevents the excessive PTH stimulation of IP 3 response in the PD-PPR cells.
To ensure that the mutant ␤-arrestin2 does interact with the activated PD-PPR, we compared the ability of the WT and mutant ␤-arrestin2 to uncouple the PD receptor from G q/11 G proteins. The PD-PPR control, PD-PPR-␤arrestin2, and PD-PPR-␤arrestin-R169E cells were treated with PTH (100 nM for 40 min at 37°C) and assayed for IP 3 accumulation. IP 3 accumulation was remarkably high in the PD-PPR control cells as we reported previously (48) (Fig. 4A) . Overexpression of low or high levels (Fig. 4A, bottom) of WT ␤-arrestin2 in the PD-PPR cells did not control the increase in PTH stimulation of IP 3 formation (Fig. 4A, top) .
Importantly, expression of low levels (Fig. 4B, bottom) of the phosphorylation-independent mutant ␤-arrestin2 in the PD-PPR cells, however, prevented the increase in PTH stimulation of IP 3 accumulation observed in the PD-PPR control cells (Fig.  4B, top) .
As we have reported previously (48), the WT-PPR cells exhibit only a small increase (ϳ50% increase over basal) in IP 3 accumulation and therefore were not included in the analysis.
LLCP-K 1 cells stably expressing the PD mutant PPR show higher PTH stimulation of c-fos expression than those expressing the WT PPR.
To examine the effects of PTH treatment on gene expression, the WT-PPR and PD-PPR cells were treated with PTH (10 nM for 60 -120 min at 37°C). c-fos immunoreactivity in the cell lysates was then measured using Western blot. The PD-PPR cells exhibited increased c-fos expression compared with the WT-PPR cells. In the PD-PPR cells, PTH stimulation of c-fos expression was higher than in the WT-PPR cells at 60 min (Fig. 5, A and B) . The levels of PTH-induced c-fos at 90 and 120 min then decrease both in the WT-PPR and PD-PPR cells. Despite the decrease in c-fos in the PD-PPR cells, the levels still remained significantly (P Ͻ 0.05) higher over basal at 90 and 120 min of PTH treatment compared with the WT-PPR cells (Fig. 5, A and B) .
The effects of PTH treatment on c-fos gene expression in the WT-PPR and PD-PPR cells were markedly but not completely blocked by pretreatment with the specific ERK1/2 pathway inhibitor U-0126 (4 M for 60 min) (Fig. 5, C and D, top) . Although U-0126 completely inhibited ERK/12 phosphorylation (Fig. 5, C and D, middle) , U-0126 had no effect on PTH phosphorylation of cAMP-response element-binding protein transcription factor, ruling out any toxic effect of the drug (data not shown).
DISCUSSION
PPR phosphorylation is important for regulating PPR signaling and calcium ion homeostasis in vitro and in vivo (7, 33, 48, 50) . Receptor phosphorylation has been shown to modulate GPCR activation of MAPK (8, 22) . Also, internalizationdependent and -independent mechanisms for GPCR activation of ERK1/2 have been described (4, 11, 13, 26, 28, 29, 35, 47) . Based on these reports and our previous finding that PTHdependent PPR phosphorylation is required for PTH stimulation of PPR internalization, the current investigation was focused on unveiling the role of PTH-stimulated PPR phosphorylation in the regulation of ERK1/2 MAPK response. Our data show that PD-PPR cells, which express a PD internalizationimpaired mutant PPR, stimulated ERK1/2 MAPKs in a similar time-dependent manner to the WT-PPR cells during the period of 2-40 min of incubation. Blocking receptor internalization using a dominant-negative dynamin GTPase mutant in HEK293 cells did, however, inhibit PPR signaling to ERK1/2, suggesting a role for PPR internalization in ERK1/2 activation (46) . The discrepancy between our results and those of Syme et al. (46) is likely a reflection of the different molecular profile of HEK293 and LLCP-K 1 cell systems and/or the PD mutant PPR and the mutant dynamin experimental models.
It has been shown that ␤ 2 -adrenergic receptor, which couples to G s , can couple to G i upon phosphorylation by PKA (31) . As a result, a mutant ␤ 2 -adrenergic receptor that lacks the PKA phosphorylation sites was not able to couple to G i and failed to activate ERK1/2 (31). Lack of inhibition of ERK1/2 in the PD-PPR cells is further in agreement with our previous finding that PPR is not a target for PKA phosphorylation (36), a prerequisite for ␤ 2 -adrenergic receptor G s /G i switch.
Collectively these results suggest that receptor phosphorylation and internalization are not absolutely required for PPR coupling to the ERK1/2 pathway.
Although most of the studies have focused on elucidating the mechanisms involved in GPCR activation of ERK1/2, the molecular mechanisms involved in the regulation of the ERK1/2 pathway have been poorly investigated. The scope of the present study was therefore expanded to investigate the role of PPR phosphorylation in the regulation of the ERK1/2 MAPK pathway. To address this goal, we compared the effects of long PTH treatment (60 -120 min) on ERK1/2 regulation in the WT-PPR and PD-PPR cells. It is interesting to observe in the WT-PPR cells that, contrary to short PTH treatmentinduced ERK1/2 activation, prolonging PTH treatment (60 -120 min) caused inhibition of ERK1/2. Furthermore, elimination of receptor phosphorylation as demonstrated in the PD-PPR cells caused sustained PTH activation of ERK1/2. Thus, our findings suggest that PTH downregulation of the ERK1/2 pathway is largely dependent on PPR phosphorylation.
␤-Arrestins are multifunctional intracellular proteins originally identified on the basis of their ability to bind and uncouple GPCRs from G proteins and to mediate GPCR Fig. 3 . Stable expression of a phosphorylation-independent mutant ␤-arrestin2 (R169E) prevented the prolonged PTH activation of ERK1/2 in the PD-PPR cells. The WT-PPR and PD-PPR cells stably expressing ␤-arrestin2 (R169E) were serum starved for 1 h and then treated with vehicle or 10 nM PTH for 10 -120 min at 37°. The cells were then processed and analyzed for ERK1/2 activation as described in Fig. 1 (blots on top) . The blots were stripped and reprobed with anti-total ERK1/2 antibody as described above (blots on bottom). Representative images are displayed from one experiment. The respective graphs represent Western blot band densities of the 42-kDa P-ERK relative to its own T-ERK. The graphs are representative of results from 4 independent experiments; all experiments were performed in the GFP-tagged PPR cell lines. The data are expressed as means Ϯ SD. Bars with * or ** indicate a P Ͻ 0.05 compared with its own vehicle control. endocytosis, desensitization, and resensitization. Subsequent studies have further indicated that ␤-arrestins can act as scaffolds to create a functional module required for the interaction of the ERK1/2 pathway signaling components, such as the internalized receptor, Raf-1, MEK1, c-Src, and the activated ERK (5, 9, 12, 16, 30, 41, 43, 46) .
In this study, we first characterized the intracellular trafficking of ␤-arrestin2 in response to PTH treatment of the WT-PPR cells stably coexpressing a GFP-tagged ␤-arrestin2. Whereas activated ␤ 2 -adrenergic, dopamine D1A, and endothelin type A receptors traffic in endocytic vesicles without the plasma membrane-recruited ␤-arrestins (55), agonist-activated PPR-like ANG II type 1A and neurotensin receptors triggered a timedependent redistribution of ␤-arrestin both to the cell membrane and to intracellular vesicular compartments with the internalized receptors. These results highlight the distinct pattern of the cellular distribution of ␤-arrestin proteins after GPCR stimulation (55) , which may partly explain the functional diversity among individual GPCRs.
The diminished PTH-induced ␤-arrestin2-GFP translocation after elimination of PPR phosphorylation is in line with follitropin 1A and ANG II receptors whose association with ␤-arrestin2 required both receptor activation and phosphorylation (25, 37) . However, PPR is in clear contrast to the human lutropin/choriogonadotropin receptor whose association with ␤-arrestin2 was independent of receptor phosphorylation but dependent on receptor activation (34) .
More significantly, the findings of the prolonged ERK1/2 MAPK activation together with the weak ␤-arrestin2 recruitment in the PD-PPR cells prompted us to explore a possible role of ␤-arrestin2 recruitment in the PTH-induced inhibition of the ERK1/2 pathway exhibited by the WT-PPR cells. To assess this hypothesis, we took advantage of a phosphorylation-independent ␤-arrestin2 mutant (R169E) (18, 24) that we stably expressed in the PD-PPR cells. Attesting to a role of ␤-arrestin2 in regulating the ERK1/2 response, expression of ␤-arrestin2 (R169E) restored the PTH-induced inhibition of ERK1/2 MAPK in the PD-PPR cells similar to the WT-PPR cells. Because desensitization would only cause return to basal activation of ERK1/2, desensitization of the PLC response alone is unlikely to account for the later inhibition of the ERK1/2 pathway observed in the WT-PPR cells. Rather, PTHinduced downregulation of the ERK1/2 response in the WT-PPR cells following the initial activation (2-40 min) supports a role for a MAPK phosphatase. Moreover, the absence of PTH-induced inhibition of ERK1/2 in the PD-PPR cells and the reestablishment of this inhibition by expression of the phosphorylation-independent ␤-arrestin2 suggest that receptor phosphorylation and ␤-arrestin2 recruitment may be required for increasing expression of that phosphatase. This notion, however, requires further investigation. Partially phosphorylated mutant PPRs (S491/492/493A, S501A, and S504A), which maintain internalization but which exhibit significantly enhanced PLC signaling in response to PTH treatment, have been characterized (33) . These signal-selective PPR mutants may be useful to address whether the sustained ERK1/2 response in the PD-PPR cells can be attributed to the impairment of internalization or the exaggeration of PLC signaling.
A role for a ␤-arrestin-dependent (5, 9, 12, 30, 43, 46) and for a ␤-arrestin-dependent G protein-independent (16, 41) mechanism in PPR and some GPCR activation of ERK1/2 has been indicated. Unexpectedly, using PD receptor models for the PPR and the follicle-stimulating hormone receptor (22) , no reduction in ERK1/2 activation was detected despite the decreased ␤-arrestin recruitment. As discussed earlier in this section, besides the difference in the cell line systems used, this inconsistency may also arise from the different approach of disabling ␤-arrestin recruitment via PPR mutation vs. the complete knockdown of endogenous ␤-arrestin proteins using short-interfering RNA. It is conceivable that, as an early and upstream event, PPR phosphorylation modulates the ERK1/2 pathway via multiple mechanisms. Whereas phosphorylation may mediate ERK1/2 activation via stimulation of ␤-arrestin recruitment, phosphorylation may also decrease ERK1/2 activation by suppressing ␤-arrestin-independent mechanisms of ERK1/2 activation. Consequently, a decrease in ERK1/2 activation caused by impaired ␤-arrestin2 recruitment in the PD-PPR cells may be overshadowed by increased ERK1/2 activation as a result of lack of desensitization of the ␤-arrestinindependent pathways.
The ERK1/2 pathway is important for gene expression. We therefore further examined if prolonged PTH activation of . The cells were then lysed and processed for Western blot analysis as described in Fig. 1 but using rabbit anti-c-fos antibody (blots on top). The blots were also stripped and reprobed with anti-␤-actin antibody for loading control (blots on bottom). Representative images are displayed from one experiment. The respective graphs represent Western blot band densities of c-fos relative to ␤-actin. The graphs are representative of results from 3 independent experiments; two experiments were performed in the GFP-tagged PPR cell lines and one in the untagged PPR cell line. The data are expressed as means Ϯ SD. Bars with *, **, or *** indicate a P Ͻ 0.05 compared with its own vehicle control. NS indicates no significance. C and D: c-fos expression is attenuated by inhibition of the ERK1/2 pathway in the WT-PPR and PD-PPR cells. The WT-PPR and PD-PPR cells were treated with PTH (10 nM for 60 min) in the presence or absence of the ERK1/2 pathway inhibitor U-0126 (4 M). The cells were then lysed and analyzed for c-fos expression (first panels on top) using Western blot, as described above. The blots were also stripped and reprobed with anti-phospho-ERK1/2 antibody to ensure inhibition of the ERK1/2 pathway (second panels on top), anti-total-ERK1/2 antibody (third panels on top), and last with anti-␤-actin antibody (panels on bottom). This experiment was repeated 3 times with similar results; two experiments were performed in the GFP-tagged PPR cell lines and one in the untagged PPR cell line. ERK1/2 in PD-PPR cells results in enhanced gene expression. PTH treatment in the WT-PPR and PD-PPR cells induced c-fos expression at 60 min. PTH stimulation of c-fos expression, however, was enhanced in the PD-PPR cells. The ability to reduce c-fos expression by the U-0126 ERK1/2 pathway inhibitor indicates that the enhanced PTH-stimulated c-fos expression in PD-PPR cells is at least partly subsequent to sustained ERK1/2 MAPK activation.
Tohgo et al. (51) have reported that ␤-arrestin2 can sequester active ERK1/2 in the cytoplasm and that GPCRs that bind transiently to ␤-arrestin2 exhibit more efficient translocation of ERK1/2 to the nucleus and as a consequence have enhanced gene expression. Our results that the activated PD-PPR weakly recruits ␤-arrestin2 to the cell membrane compared with the WT-PPR and that the PD-PPR has enhanced gene expression are similar to that of Tohgo el al. Unlike our findings, those of Tohgo et al. were observed under short treatment and did not show an overall increase in ERK1/2 activation. Additionally, our unpublished results did not support a difference in nuclear translocation of ERK1/2 in WT and PD-PPR cells.
Taken together, our study demonstrates that PPR coupling to ERK1/2 MAPK does not require receptor phosphorylation or internalization. The study, however, presents for the first time a model for GPCR in which receptor phosphorylation, via a ␤-arrestin2-dependent mechanism, mediates a subsequent inhibition of the ERK1/2 MAPK pathway and controls c-fos expression. The study sheds light into the pathways involved in the regulation of ERK1/2 response. Although the occurrence of multiple natural GPCR mutations that completely abolish phosphorylation is unlikely, conditions that alter G protein receptor kinase(s) function are more likely. Altered G protein receptor kinase(s) can abnormally modulate GPCR phosphorylation and ␤-arrestin recruitment, causing dysregulation of the ERK1/2 MAPK pathway. Last, the findings of the current investigation may provide some explanation as to why intermittent (short) and continuous (long) PTH administrations and hyperparathyroidism have distinct effects on net bone mass.
